Summary. Enzyme assay showed that the commercial cellulase from Trichoderma reesei degraded several polysaccharide substrates; highest activity was on xylan. Transmission electron micrographs showed that the T. reesei cellulase degraded uondecayed wood extensively; the attack always progressed from the point of contact into the cell wall. Cytochemically prepared wood that had been decayed by Poria placenta showed uniform distribution of electron-dense particles throughout the walls; the same results were observed with added T. reesei cellulase. In wood decayed by Ganoderma applanatum without or with added T. reesei cellulase, the progress of degradation was similar to that in nondecayed wood. Negatively stained T. reesei cellulase had 3-7 nm diameter for the smallest particles; the smallest diameters of electron-dense particles in wood ranged from 3-7 nm. This suggests that the electron-dense particles probably are cellulase molecules.
Introduction
Ultrastructural and chemical analyses of wood decayed by brown-rot fungi indicate that these fungi release degrading agents that penetrate deeply into the microstructure of wood and rapidly depolymerize the polysaccharides with low weight loss (Cowling 1961; . Degradation products are produced faster than they are utilized. An enzyme capable of duplicating these effects on wood or cellulose has never been isolated from a brown-rot fungus. Furthermore, cellulase enzymes thus far isolated from brown-rot fungi are too large to diffuse freely into the wood microstructure (Cowling and Brown 1969; Highiey etal. 198l ). Thus alternative mechanisms of degradation have been proposed (Koenigs 1974) involving small nonenzyme degrading agents such as an H202-Fe ++ system.
In a previous study , we used the cytochemical methods of Bal et al. (1976) and Lieberman et al. (1982) to localize sites of cellulase activity during degradation of hemlock by the white-rot fungus, Ganoderma applanatum. The objective of the present study was to determine if this method could be used to locate the sites ofcellulase activity during degradation of hemlock by the brown-rot fungus, Poria placenta. Such information would provide further insight into the nature of the cellulose-degrading complex of brown-rot fungi and its diffusibility in the wood cell wall.
In addition, we used this technique to study (a) the effect of a purified cellulase from Trichoderma reesei Simmons on nondecayed hemlock and (b) the action of the purified cellulase on hemlock that has been previously decayed by Poria placenta and Ganoderma applanatum.
Materials and methods
Western hemlock (Tsuga heterophylIa (Raf.) Sarg.) was degraded by the brown-rot fungus, Poria placenta (Fr.) Cke., MAD-698 and by the white-rot fungus, Ganoderma applanatum (Pers. ex S. F. Gray) Pat., MAD-708 according to ASTM D soilblock procedure (American Society for Testing and Materials 1971).
Purified celhilase from T. reesei, 45-60 units per milligram dry weight, was purchased from Worthington Diagnostics.
The ability was determined of the purified cellulase to hydrolyze the following substrates: avicel, pectin, xylan, guar gum, hemlock sawdust and carboxymethylcellulose. One ml of enzyme was incubated with 10 mg of substrate for 1 hour at 40 ~ and then assayed for increase in reducing groups (Highley 1976) . A unit of enzyme activity was defined as the amount of enzyme needed to liberate reducing power equivalent to 1 ~tM of glucose per hour.
The decayed and nondecayed sawdust samples were impregnated under vacuum with the enzyme solution (1 mg/ml in 0.1 M acetate buffer, pH 5.0) and then left at room temperature for 24 hours. To demonstrate the cellulase activity, the cytochemical method by Bal et al. (1976) and Lieberman etal. (1982) was followed. In short, all samples were fixed in glutaraldehyde-paraformaldehyde mixture in 0.1 M phosphate buffer (pH 7.2) 45 minutes at room temperature and washed in 0.1 M phosphate buffer for 60 minutes, in three changes. The samples for the cytochemical test were then placed in 0.02% sodium carboxymethylceUulose in 0.1 M phosphate buffer 25 minutes at 25 ~ then in hot Benedict's solution 15 minutes at 80 ~ and washed in distilled water 20-30 minutes. Those samples not treated cytochemically were left in buffer solution.
All samples were postfixed in 1.33% OsO, in 0.1 M s-collidine buffer (pH 7.2) 1 hour at room temperature, dehydrated in acetone series and propylene oxide and then embedded in araldite, epon, dodecenyl succinic anhydride mixture. Thin sections were cut with a diamond knife and viewed in RCA EMV 3G transmission electron microscope (TEM).
Trichoderma reesei cellulase was prepared for TEM by negative staining method. A small portion of enzyme was mixed into 1% aqueous OsO, and allowed to fix for 10 minutes. A small droplet of fixed suspension was deposited on a formvar-coated grid, and allowed to settle for 20 seconds; excess liquid was withdrawn with filter paper. Dry grids were washed several times in distilled water, residual water removed with filter paper and then negatively stained with 2% aqueous phosphotungstic acid (pH 6.8).
Results and discussion
Enzyme assays with various polysaccharide substrates showed that the commercial "purified" cellulase from T. reesei degraded all the substrates. The enzyme was not specific to cellulose but exhibited the highest activity on xylan. Our TEM micrographs reveal extensive degradation of the undecayed hemlock cell walls by the commercial cellulase, indicating that a living organism is not needed for degradation. The attack always started from the outer border of a cell wall and then progressed inside ( Figs. 1 and 2) . The large size of the enzyme does not permit its diffusion into the wood microstructure, and thus its attack proceeded from the outside inward.
Benedict's solution in the cytochemical test for cellulase activity appeared to intensify the darkening in areas of enzyme attack ( Figs. 1 and 2) ; sometimes discrete electron-dense particles were present (Fig. 3) . Without the cytochemical test, the degradation produced was visible, but the degraded area was not as darkly stained (Fig. 4) as it was when copper (in Benedict's solution) was present (Figs. 1-3) . The enzyme must generate reducing sugars that react with copper, forming CuO precipitate that appears as electron-dense particles in micrographs.
Both the brown-rotted and white-rotted wood showed no electron-dense particles without the cytochemical test (Figs. 5-7); this agrees with our previous findings (Murmanis et al. 1984 . In the present study, wood decayed by P. placenta contained hyphae within the tracheid lumen and within the wall, between the $2 layer and middle lamella (Fig. 5) . Wood decayed by G. applanatum showed localized total degradation in some areas (Fig. 6 ) and partial degradation in others, with some finely granular or netlike material still left (Fig. 7) .
In wood decayed by P. placenta after the cytochemical test (without T. reesei cellulase) electron-dense particles were uniformly distributed throughout the entire tracheid wall (Fig. 8) . These, we assume, were CuO precipitate. An increased aggregation of the particles appeared in the area of the $1 layer. No particles occurred in the middle lamella or cell comers. It was evident that some wall material had been removed, and thus the walls had a diffuse, "fluffy" appearance (Fig. 8) . In a previous study (Highley etal. 1985) , however, we showed that hemlock cell walls remained intact until the late stage of attack by P. placenta when the $3 layer was degraded.
Figs. 5-9. Wood decayed by P. placenta (without cytochemical test). 5 Hyphae within tracheid lumen (at left) and between middle lamella and $2 (at right). No electron-dense particles present (6,800• 6, 7 Wood decayed by G. applanaturn (without cytochemical test). 6 Localized total degradation of wall (at right); hypha (H) (at left bottom). No electron-dense particles present (11,400 • ). 7 Partial degradation of wall (at left); hypha (H) attached to wall. No electron-dense particles present (10,880• 8, 9 Wood decayed by P. placenta. 8 with cytochemical test. Electron-dense particles diffuse throughout the wall; increased accumulation within $1 area (6,800• 9 With T. reesei cellulase. Electron-dense particles diffuse throughout the wall (6,800 • ) Wood degraded by P.placenta incubated with the T. reesei cellulase, and treated with the cytochemical test (Fig. 9 ) resembled the wood decayed by P. placenta without added cellulase (Fig. 8) . In nondecayed wood the enzyme degraded wood at the point of contact and progressed inward (Figs. 1 and 2) , whereas here the enzyme penetrated the wall completely, as evidenced by the intense CuO precipitate (Fig. 9) . Evidently, the degradation of the cell wall by the brown-rot fungus opened up the wood microstructure so that the commercial enzyme was able to diffuse throughout the loose tracheid wall.
The penetration of T. reesei cellulase in wood decayed by G. applanatum differed from that in wood decayed by P. placenta. Tl~e T. reesei cellulase degraded wood decayed by G. applanatum like non-decayed wood; that is, it showed a progressive erosion of the wall from the outside inward (from Sx which is attacked first by the fungus), towards $3 (Fig. 10) . Fig. 10 shows some wall material in decayed areas of high electron opacity. A higher ma,~-nification of the same area (Fig. 11 ) reveals that this opacity may be due to the electron-dense particles permeating that area. Figure 12 shows the wall area decayed by G. applanatum without the T. reesei cellulase. Electron-dense particles are present mainly in the $2 layer; the S~ layer shows resistence to degradation.
In negatively stained T. reesei cellulase (Fig. 13) we found that the smallest unit of the enzyme particles measured 3-7 nm, which was also the diameter of the smallest electron-dense particles within the decayed ceil walls. Further, White and Brown (1981) reported the same diameter for the small units of the T. reesei negativey stained cellulases. In a previous report we also showed electron dense particles (3-7 nm diameter) after the cytochemical test in the walls of hemlock tracheids degraded by G. applanatum. Cellulases are glycoproteins (Suzuki et al. 1968) , and therefore Benedict's reagent may react with them to form CuO precipitate which!.is~esented as electron dense particles. The fact that they have a size range similar to T. reesei ceHulases suggests that electron-dense particles and the molecules of cellulase are identical. Electron microscopic immunocytochemistry would be helpful in clarifying this speculation.
The micrographs in our study show that the brown-rot and white-rot fungi must have different effects on the microstructure of wood. The brown-rot fungus evidently opens the wood microstructure so that the T. reesei cellulase is able to diffuse throughout the degraded tracheid wall, whereas the white-rot fungus does not. These observations support chemical data that suggest that the white-rot and brown-rot fungi differ at the preceilulolytic stage (Bailey et al. 1968; Cowling 1961) .
Furthermore, our results provide additional support to the hypothesis that brown-rot fungi produce a small degrading agent capable of penetrating the cell wall and opening up the microstructure of wood (Cowling 1961; Koenigs 1974 ).
Figs. 10-12. Wood decayed by G. applanatum, 10, 11 With T. reesei cellulase. Attack advances through entire S~; S~ very resistant to degradation; 10 Hypha (arrow) in lumen (11,400 x); 11 Same area as in 10 at higher magnification. $2 permeated with electron-dense particles (19,800 • ). 12 Without T. reesei cellulase. Electron-dense particles mainly in S~ area; S~ resistant to degradation (12,000x); 13 T. reesei cellulase, negatively stained. Smallest particles have 3-7 nm diameter (38,440• qtliS small degrading agent has been proposed to be an oxygen radical, but there are conflicting reports regarding its possible involvement Koenigs 1974) .
Some support to the hypothesis of oxygen radical involvement in carbohydrate degradation was also provided by Thompson and Corbett (1985) . When they treated cellulose with potassium superoxide, the bonding between fibfillar components was weakened, and the degree of polymerization decreased from 6,700 to about 300. The superoxide itself is a rather weak oxidant, but these researchers proposed that the superoxide forms an intermediate stronger radical that initiates a chain reaction through the amorphous regions of the fiber. Although the mechanism may be different, the effect of the action of oxygen radicals on cellulose is similar to that produced by the brown-rot fungi on the cell wall (Cowling, Brown 1969) . However, more research is needed to unravel the exact mechanism of the cell wall degradation by the brown-rot fungi.
